Determination of material inhomogeneities in CuIn(Se,S)2 solar cell materials by high resolution cathodoluminescence topography  by Oehlschläger, Felix et al.
Available online at www.sciencedirect.com
Energy Procedia  00 (2009) 000–000 
Energy
Procedia
www.elsevier.com/locate/procedia
E-MRS Spring meeting 2009, Symposium B 
Determination of material inhomogeneities in CuIn(Se,S)2 solar cell 
materials by high resolution cathodoluminescence topography 
Felix Oehlschläger
a,*
, Julian Müller
a
, Ulrike Künecke
a
, Astrid Hölzing
b
, Roland Schurr
b
,
Rainer Hock
b
, Peter Wellmann
a
aDepartment Materials Science, Electronic Materials, University of Erlangen-Nuremberg, Martensstr. 7, 91058 Erlangen, Germany 
bPhysics Department, Crystallography and Structural Physics, University of Erlangen-Nuremberg, Staudtstr. 3, 91058 Erlangen, Germany
Elsevier use only: Received date here; revised date here; accepted date here 
Abstract 
CIS based polycrystalline semiconductors are used for thin film solar cells in laboratory and industry. Nevertheless, even for 
highly efficient absorbers from different growth techniques, these films are reported to contain inhomogeneities from nanometer
to millimeter scale. In this paper we have analyzed inhomogeneities on a sub-µm scale of CuIn(Se,S)2 solar cell absorber 
materials processed by annealing of elemental layer precursors using high spatial resolution cathodoluminescence mapping. The 
measurements were carried out in a scanning electron microscope which has cathodoluminescence (CL) and energy dispersive 
x-ray fluorescence (EDX) capabilities to study materials composition. Cathodoluminescence from CuIn(Se,S)2 at energies around 
0.9 eV to 1.2 eV was detected by a spectrometer with a cooled InGaAs photo diode array. For better luminescence signals, the 
samples were cooled down to 80K (liquid nitrogen). From the energetic position of the cathodoluminescence peaks we have 
deduced the varying CuIn(Se,S)2 materials composition. EDX measurements were carried out to verify the CL. 
© 2010 Elsevier B.V. All rights reserved 
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1. Introduction 
CIS based polycrystalline semiconductors are used for thin film solar cells. Nevertheless, even for highly 
efficient absorbers from different growth techniques, these films are reported to contain inhomogeneities from 
nanometer to millimeter scale. Cathodoluminescence (CL) is a powerful method to analyze these inhomogeneities. 
In addition, energy dispersive x-ray fluorescence (EDX) serves as a method to get further information about the 
layer composition. By merging the results of the CL and the EDX measurements, information about the layer 
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formation can be obtained. The partial exchange of selenium by sulfur is used for bandgap engineering to improve
the solar cell light conversion efficiency. 
2. Experiment
The layers we produced were deposited by DC magnetron sputtering and thermal evaporation in an Al pan that
was afterwards sealed and thermally annealed in Perkin Elmer Differential Scanning Calorimetry (DSC) setup. Mo,
Cu and In were deposited by DC magnetron sputtering and Se and S were deposited by thermal evaporation on top
of the metallic precursor. Sulfur and Se are deposited by thermal evaporation on top of the metal precursor. The
thickness constitutes 1500 nm after thermal annealing. Annealing was carried out in a Perkin Elmer Differential
Scanning Calorimetry (DSC) setup. The samples were annealed up to 570°C.
The absorber compositions we investigated in this study are CuInS2 and CuIn(Se,S)2 with S/Se+S = 0.1. The ratio
of the cations is Cu:In is 1:1 and the ratio of the cations (Cu+In) to the anions (S+Se) is 1:2.3.
For the experiments a CL and EDX equipped 6400 Jeol Scanning Electron Microscope (SEM) was used. The
sample holder can be cooled by liquid nitrogen or helium down to about 70K (lN2) or 10K (gaseous He),
respectively. The electron beam is focused on the sample. The resulting CL is reflected by a parabolic mirror to a
monochromator outside the microscope. The spectra are detected by a peltier cooled Horiba Jobin Yvon InGaAs-
Fig. 1: Experimental setup 
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array-detector. The detection range of the setup is 800 nm – 1600 nm, which covers to the spectral range where
CuIn(S,Se)2 is emitting light. For light with higher photon energy, in addition, a cooled Horiba Jobin Yvon Si-CCD
(CCD3000) detection system is available.
While scanning the sample with the electron beam in a point by point SEM-mode, a CL spectrum is taken in each
position. After data acquisition the full spectral information for each sample point is available. The position of the 
peak is automatically calculated by the computer evaluation software. It is also possible to automatically determine
the intensity of the peak and its full width at half maximum (FWHM). For each peak analysis a topogram can be
plotted. If the CL spectra exhibit more than one relevant peak, intensity topograms of the specific peak positions
may be plotted.
With EDX we deduced information about the layer composition. In the regular SEM mode we determined plots
of the surface morphology.
By comparing CL and EDX measurements, correlations of the peaks and the layer composition can be obtained.
A problem in the CuIn(S,Se)2 system is that the x-ray energy of the molybdenum and the sulfur peaks are close 
together and cannot be differentiated by our EDX system. Using up to 15 kV acceleration voltage in the SEM, the
electron beam penetration depth was limited to approx. 900 nm - 1000 nm, which ensures that there is only a small
probability that the underlying molybdenum-layer is excited.
For the topograms a measuring-point was set on the sample every 500 nm. Due to the low light emission of the
layers, the entrance slit of the Horiba Jobin Yvon Triax 550 monochromator was set to 2 mm.
3. Experimental results 
Figure 3 shows a topogram of the bandgap energy of the CuIn(Se,S)2 sample. In this case no overall correlation
between the SEM image and the CL topogram was found. The measured bandgap varies between 0.983 eV and
0.966 eV on the dark and light areas, respectively. Figure 2 shows that the grain boundaries are indentations and
therefore appear darker in the SEM picture.
Fig. 2: SEM-image of CuIn(S,Se) - S/Se+S=0,1 Fig. 3: Bandgap topogram of CuIn(S,Se) - S/Se+S=0,1
The spectra peaks of the CuInS2 sample are located around 1.74 eV, 1.61 eV, 1.52 eV, 1.40 and 1.35 eV (see
Fig. 4, 5). The peak position, as well as peak intensity varies significantly across the sample surface. The CL 
topogram (Fig. 7), however, does not completely correlate with the SEM-image (Fig. 6).
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Fig. 5: Spectrum of annealed Cu-In-S with InGaAs-ArrayFig. 4: Spectra of annealed Cu-In-S with Si-CCD at two different
positions on the sample
Fig. 7: CL- Intensity @ 1,35 eV of annealed Cu-In-SFig. 6: SE-image of annealed Cu-In-S
The EDX measurement of the CuInS2 absorber (see Fig. 8) shows many inhomogeneities. Lower sulfur content
results in higher copper content. Areas where the sulfur content is about 80% have lower indium content and also a 
lower copper content. Areas where the copper content is extremely high result in a very lower indium content but
does not effect the sulfur concentration. Between structures on the surface in the SEM image and the content of the
layer no correlations are visible.
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Fig. 8: Upper left: SEM-image of the scanned area; upper right: atom-% of sulphur; lower
left: atom-% of Cu; lower right: atom-% of In. Scale: White: 100 atom-%, black 0 atom-%
4. Discussion
On the CISSe sample we measured that the grain boundaries exhibit mostly a slighty higher bandgap than the
grain inner. Hetzer et al. [1] published for coevaporated CIGS samples that the copper content decreases at grain
boundaries. This will increase the band gap. But they also reported that CL spectra between the grain boundaries and
the grain interior do not differ much at 10K. They suggested that the free carriers diffuse away from higher gap
regions into the lower band gap grain interior before recombining.
We observed no overall correlation between the CL map and the SE-image. We also did not measure a higher 
bandgap at the grain boundaries in the CISSe system. This correlates with the results Hetzer et al. [1] reported for 
die CIGS material system.
The measurement shows that the CuInS2 sample is inhomogeneous. Jost et al. [2] observed that the chalcopyrite
CuInS2 maybe formed by a solid state reaction of Dg-Cu2-S and CuIn5S8 above 507°C. CuIn5S8 can be found up to 
our maximum annealing temperature. Endo et al. [3] estimated the bandgap of CuIn5S8 to be 1,4 eV (T=0K). In our
spectra we found a peak between 1.35 eV and 1.4 eV (T=80K). This correlates perfectly with the known values from
literature for the indirect transition. The 1.35 eV peak has been found in areas where EDX measurements show high
sulfur content.
The CL measurement demonstrates that there may be some intermediate products of CuIn5S8 left in the layer.
The bandgap of CuInS2 was specified by Tell et al. [4] to be 1.55 eV (T=2K). Our sample shows a peak at 
1.52 eV (T=80K), which strongly correlates with the reported data [4]. 
Scheer et al. [5] indicated the formation of a MoS2 layer at the back contact. Fortin and Seas [6] reported in 1982
that the direct bandgap of MoS2 lies at 1.8 eV. In accordance with [6] our experimental observation with peaks
around 1.8 eV can be interpreted as the bandgap of MoS2.
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The compositions we found in the CL measurements are CuIn5S8, CuInS2 and MoS2 (see Fig. 4, 5) and deviation 
from stoichiometry of these composites. In x-ray excitation energies of molybdenum and sulfur are close together. 
Therefore they can not be distinguished from each other. Even though we reduced the excitation energy in the SEM 
to avoid molybdenum excitation, the CL measurements reveal that it has been exited. Therefore areas for which 
EDX shows high sulfur content may as well as contain MoS2.
5. Conclusion 
CuIn(Se,S)2 and CuInS2 layers have been examined by a CL and EDX enhanced SEM. A lateral CL-topogram 
with a resolution of 500 nm has been shown. Topograms referring to the bandgap energy and the intensity at a 
specific energy were plot. The CuIn(Se,S)2 sample shows many inhomogeneities in the layer. But no general 
correlation between grain boundaries and bandgap can be found. This leads to the conclusion that the CISSe system 
behaves similar to the CIGS system at grain boundaries [1]. It has to be investigated in future work where these 
inhomogeneities come from. 
We demonstrated the possibility to identify the layer composition by peaks existing in the CL spectra. CuIn5S8 as
a prephase of the absorber and MoS2 have been identified in the layer. This indicates a very inhomogeneous layer. 
The EDX measurements have shown that the lateral composition is changing a lot in the absorber. Comparing CL 
and EDX results offered that MoS2 exists in the layer. 
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